The limited recording aperture of a surface seismic experiment promotes artifacts in extrapolated wavefields. To mitigate these errors, we introduce least squares datuming (LSD). Numerical results with synthetic data show that LSD significantly reduces the artifacts in datuming wavefields recorded by narrow aperture arrays. Only inexpensive dot products of computed Green's functions with the data are required so this procedure is efficient for targetoriented reverse-time migration.
Introduction
Reverse time datuming (RTD) is an effective tool for imaging sediments below complex structures. The original RTD was proposed by Berryhill (1979) who suggested it as a means to redatum data from the surface to below a complex overburden. An efficient implementation of RTD was later proposed by Luo (2002) to dramatically reduce the cost of the 3D reverse time migration, followed by Dong et al (2007) who applied this idea to 3D synthetic data. To mitigate the effects of multiples, Zhou and Luo (2005) combined reverse time datuming with the primaryonly imaging condition to image only primary reflections and ignore multiples. All of these applications require an accurate datuming procedure, which is often difficult to achieve because of the limited acquisition aperture.
To improve the accuracy of wavefield datuming, we propose a least squares datuming scheme. Least squares datuming consists of 5 steps: 1) datuming the raw data by crosscorrelation with the computed VSP Green's functions; 2) forward propagating the datumed data to the surface by convolution with the Green's functions and calculating the misfit between the actual and simulated data; 3) datuming the misfit error and calculating the step length for a conjugate gradient procedure; 4) update the datumed data by the conjugate gradient formula. 5) if the magnitude of the misfit function is too large, go back to step 2 and repeat steps 2-5 until acceptable convergence is achieved. The calculation of the Green's function is expensive, but only needs to be performed once for the first iteration, after that only inexpensive dot product calculations are needed.
Theory
Assume the 2D acoustic model shown in Figure 1 , where B0 denotes the surface and B1 denotes the horizontal well at a given depth. The source positions are located in B1 and the receivers are located along B0. The goal is to datum the traces at the surface B0 to the well B1. According to Schuster and Zhou (2006) , the forward modeling operation can be approximated by a far-field approximation:
where in vector-matrix notation the discretization of equation 1 is achieved by mapping the functions into vectors: D(g|s) → d and Γ(g |s) → γ are M × 1 and N × 1 vectors, respectively, and
The least-squares estimate of the datumed data Γ(g |s) is then given by solving the normal equations
with the solution given by
Here the Hessian inverse is given by [L
is the adjoint of the forward-modeling operator in equation 1. The matrix inversion is too computationally expensive so we solve equation 3 by an iterative conjugate gradient method. The iterative least-square datuming procedure contains 5 steps, 1. Use equation 1 (which is a spatial dot product between G(g|g ) and Γ(g |s)) to datum the data d from B0 to B1 to get γ.
2. Forward propagate γ to B0 by convolving with the Green's functions and calculate the data residual ∆d = d − Lγ. The Green's function is computed by solving the acoustic wave equation for point source along the new datum boundary. But this only needs to be done at the first iteration because they can be reused for subsequent iterations.
3. Redatum the difference ∆d to B1 to get ∆γ = L T ∆d and calculate the step length α.
4. Update γ by the conjugate gradient formula: γ = γ − α∆γ.
5. Go to step 2 if ||∆d|| 2 is not small enough and repeat steps 2-5.
Synthetic shot gathers are generated by a finite-difference solution to the 2D acoustic wave equation for the SEG model in Figure 2 . The source is located at a depth of 200 meters and a distance of 1500 meters from the left. The actual receiver line is placed near the free surface and the new datum line is at the same depth as the source point. All of the Green's functions from the surface to the new datum line are recorded by a VSP experiment, or are computed by a FD solution to the wave equation if reverse time migration is desired for surface seismic profile (SSP) data. Figure 3 represents the data recorded at the surface and Figure 4 shows the least square datuming result after 50 iterations, where the receivers and sources are along the horizontal line at a depth 200 m. It is important to note, the 50 iterations are inexpensive compared to solving the wave equation by a finite-difference method. Each iteration only requires a dot product of the Green's functions and the data. The Green's function G(g|g ) is either recorded in the VSP data or computed just once by a FD solution. Figure 5 presents the errors with respect to the number of iterations where each iteration takes only 50 seconds in Matlab. Figure 6 shows the true data recorded at the depth where the source is located. Comparing Figures 4 and 6 between t = 0s and t = 1.8s, almost all of the events shown in Figure 6 are contained in Figure 4 . For t > 1.8s, many events shown in Figure 6 are not present in Figure 4 . For comparison with LSD, Figure 7 shows the reverse time datuming result, and in comparison with Figure 6 , we can see several false events not common to both shot gathers. Comparing Figure 4 and Figure 7 , the events in Figure 7 are not as prominent as those in Figure 4 . Figure 8 shows the difference between the true shot gather and the least square datuming result, while Figure 9 compares the true shot gather and the reverse time datuming result. We can see large errors in Figure 9 not seen in Figure 8 . Figure 10 shows the detailed comparison of the true trace and the least square datuming trace for 5 iterations at the horizontal offset of x = 1000 meters. Figure 11 compares the waveform of the true trace and the reverse time datuming trace at x = 1000 meters. We can see that the least square datuming result fits the true waveform much better than for reverse time datuming. Figures 12  and 13 show the detailed comparison of the true trace, the least square datuming trace at 5 iterations, and the reverse time datuming trace at the offset of x = 2000 meters. It is clear that the least square datuming is more accurate than that of reverse time datuming.
Conclusions
We proposed a least square datuming scheme for seismic data. Compared to reverse time datuming, the least square datuming scheme provides a more accurate result for a limited receiver aperture and it is inexpensive in computation time compared to solving the wave equation more than once for each source point. The least square datuming scheme requires Green's functions for sources at the new datum and receivers at the old datum. These Green's functions can be recorded by a VSP experiment or computed by solving the wave equation in the known velocity model. For future research, the least square interferometric datuming scheme will be tested on both 3D synthetic data and field data. We will also test the effectiveness of preconditioning operators to accelerate convergence. 
